Introduction
============

Stress exposure results in numerous physiological changes in plants (Wilkinson and Davies, [@B44]; Roy et al., [@B38]). Stresses that damage DNA directly or indirectly also lead to genetic changes in exposed and non-exposed somatic cells, (Kovalchuk et al., [@B23]; Filkowski et al., [@B15]; Boyko et al., [@B5]) meiotic cells, and progeny (Lucht et al., [@B27]; Molinier et al., [@B31]; Boyko and Kovalchuk, [@B7]; Yao and Kovalchuk, [@B46]). These genetic changes, called mutations, are typically deleterious but may also contribute to useful genetic variability in individual plants. As such mutations are rare they are unlikely to contribute to the fitness of the entire population in a quick and meaningful way. However, plants are known to acclimate and adapt to stress in a fast and efficient manner (Boyko and Kovalchuk, [@B8],[@B9]; Mirouze and Paszkowski, [@B30]) and because the entire population of plants typically acquires a certain level of tolerance to stress, it is believed that the adaptive processes are partially dependent on epigenetic mechanisms (Boyko and Kovalchuk, [@B8],[@B9]; De Block and Van Lijsebettens, [@B13]; Mirouze and Paszkowski, [@B30]).

Several recent reports have demonstrated that in addition to higher stress tolerance the progeny of stressed plants also exhibit changes in DNA methylation and genome stability (Molinier et al., [@B31]; Boyko and Kovalchuk, [@B6]; Pecinka et al., [@B36]; Boyko et al., [@B4]; Kathiria et al., [@B21]; Ito et al., [@B20]; Yao and Kovalchuk, [@B46]) which appear to be dependent on the function of short interfering (si)RNAs -regulated pathways. siRNAs are *trans*-acting epigenetic signals that can reversibly and in a sequence-specific manner modify gene expression at the transcriptional level (Carthew and Sontheimer, [@B11]; Malone and Hannon, [@B28]). These molecules are developmentally controlled but are also responsive to environmental stimuli. siRNAs can direct DNA methylation at asymmetric cytosines and influence distribution of modified histones, facilitating the recruitment of chromatin modifiers to specific genomic regions (Saze, [@B39]; Bourc'his and Voinnet, [@B3]). Small RNAs can also act as mobile signals during plant development (Chitwood et al., [@B12]; Dunoyer et al., [@B14]; Molnar et al., [@B33]), regulating the inheritance of epigenetic information during mitosis and meiosis via differential RNA pools in male and female gametes (Grant-Downton et al., [@B16]; Mosher et al., [@B34]; Slotkin et al., [@B40]). It is thus possible that siRNAs act as signals that establish transgenerational inheritance of stress tolerance in plants (Boyko and Kovalchuk, [@B8],[@B9]; Hauser et al., [@B17]). Grafting experiments using Dicer-like 2, 3, and 4 mutants allowed Molnar et al. ([@B33]) to show that a mobile subset of DCL3/Pol IV-dependent 24-nucleotide sRNAs could direct epigenetic modifications in *Arabidopsis* (Molnar et al., [@B33]). The authors demonstrated a strong correlation between sRNA, methylated DNA, and transposons. Although no transgenerational work has been done, it was suggested that 24-nt siRNAs produced in the meristem allow plants to respond to activation of transposons in somatic cells, possibly reinforcing silencing of repetitive elements in pluripotent cells producing the next generation. Heat stress changed DNA methylation and histone modifications at repetitive elements and the control over transposon activity was also shown to be dependent on siRNA-mediated pathway (Ito et al., [@B20]).

Methylation changes such as hypo- and hypermethylation of various regions in stressed tissues occur in response to siRNAs or other signaling molecules. For example, exposure to heavy metals in hemp and clover lead to hypomethylation of several genomic loci (Aina et al., [@B1]), whereas response to water deficit in pea (Labra et al., [@B24]) and to viral infection in tomato (Mason et al., [@B29]) resulted in DNA hypermethylation. It is still unclear what happens in the progeny as there is only handful of papers which examine the changes in DNA methylation in the progeny of stressed plants. However, the progeny of *Arabidopsis* plants exposed to different abiotic stresses showed global genome hypermethylation with local areas of hypomethylation (Boyko et al., [@B4]). In the progeny of infected tobacco plants, global hypermethylation was accompanied by the redistribution of DNA methylation from the nuclear center to the nuclear periphery (Kathiria et al., [@B21]). In contrast, an immediate and transgenerational release of transgene silencing in plants exposed to heat, cold, and UVB stresses was correlated with modifications in histone occupancy and acetylation of the histone H3 but not dependent on changes in DNA methylation (Lang-Mladek et al., [@B25]).

Exposure to many stresses including temperature, water, UVB, UVC, oxidative chemicals, salt, viral, and bacterial stress all result in somatic and transgenerational changes in homologous recombination frequency (HRF), point mutation frequency, and microsatellites stability (Kovalchuk et al., [@B23]; Ries et al., [@B37]; Lucht et al., [@B27]; Molinier et al., [@B31]; Van Der Auwera et al., [@B42]; Pecinka et al., [@B36]; Boyko et al., [@B4],[@B5]; Kathiria et al., [@B21]; Bollmann et al., [@B2]; Yao and Kovalchuk, [@B46]). In particular, changes in recombination frequency are important because homologous recombination is not only a repair mechanism that helps sustain genome stability but also the mechanism responsible for crossing over during meiosis, thus leading to genetic diversity. Studying the frequency of recombination across generations thus allows us to evaluate the repair capacity and ability to diversify the genome composition in a given plant population.

Previously, we found that the high frequency of homologous recombination and stress tolerance observed in the progeny of stressed plants subsided dramatically when these plants were propagated to next generation without stress (Boyko et al., [@B4]). We thus decided to test whether continuous exposure to stress would result in the maintenance of elevated HRF. In addition, since no transgenerational experiments had been performed using heavy metals, we tested whether plants exposed to Cu^2+^, Cd^2+^, or Ni^2+^ for five consecutive generations would exhibit changes in HRF and stress tolerance. We found that the frequency of recombination was typically higher in plants propagated in the presence of stress for more generations. We also determined that propagation without stress following one or two generations of stress exposure causes a decrease in HRF. In contrast, when stress was skipped after three to four generations of exposure, HRF either did not decrease, as in case of treatments with Cd^2+^ or Ni^2+^, or the decrease was smaller as in case of treatment with Cu^2+^. Finally, the progeny of stressed plants exhibited higher tolerance to same stress as well as to NaCl and methyl methane sulfonate (MMS). The stress tolerance increased with each subsequent generation -- fourth -fifth generations were more tolerant than first, second, and third generations of stressed plants.

Results
=======

Exposure to Cu^2+^, Cd^2+^, and Ni^2+^ triggered increase in somatic HRF
------------------------------------------------------------------------

Treatment of *Arabidopsis* plants with 50 or 100 mM of Cu^2+^, Cd^2+^, or Ni^2+^ resulted in an over twofold increase in somatic HRF. The highest increase was observed upon exposure to Cu^2+^, followed by Cd^2+^ and Ni^2+^ (Figure [1](#F1){ref-type="fig"}A).

![**Homologous recombination frequency (HRF) in somatic tissue and the progeny of stressed plants**. **(A)** HRF is shown as an average of three independent experiments. Bars show SD. Asterisks indicate significant differences between individual treatment group and a control group (Student's *t*-test, *p* \< 0.05 in all cases). **(B)** HRF in the progeny of stressed and progeny of control plants (labeled as "G1") is shown as an average of three independent experiments. HRF in somatic tissue of non-exposed plants (C0) is shown for comparison. Bars show SD. Asterisks indicate significant differences in HRF between individual G1 group and G0 untreated plants (C0; Student's *t*-test, *p* \< 0.05 in all cases). No significant difference between C0 and C1 groups were found (*p* \> 0.1).](fpls-02-00091-g001){#F1}

To test whether progeny of exposed plants also showed increased HRF, we propagated exposed and non-exposed plants to next generation (G1). The progeny of stressed plants were called "S1," whereas the progeny of control -- "C1." We found S1 plants to have higher spontaneous HRF, a change that was more profound in response to Cd^2+^ and Cu^2+^ than Ni^2+^ (Figure [1](#F1){ref-type="fig"}B). In contrast to the G0 generation, the highest increase in somatic HRF of progeny was seen in plants exposed to 100 mM Cd^2+^.

Continuous exposure to stress resulted in an even higher increase in HRF in the concurrent progeny, whereas skipping stress exposure reverted the trend
-------------------------------------------------------------------------------------------------------------------------------------------------------

In past we have shown that propagating the progeny of plants exposed to stress (S1) without stress (S1C1) returns HRF to a level nearly equivalent to that observed in control plants (Boyko et al., [@B4]). Therefore, we decided to test whether continuous exposure to stress would maintain a high HRF in the progeny. *Arabidopsis* plants were propagated for five generations (S1--S5) in the presence of 50 and 100 mM Cu^2+^, Ni^2+^, or Cd^2+^. To test if HRF would return to normal when plants are grown without stress, S1, S2, S3, and S4 plants were also propagated without stress and S1C1, S2C1, S3C1, and S4C1 generations were obtained (Figure [2](#F2){ref-type="fig"}). In order to determine whether skipping stress for two generations results in a complete return to normal recombination levels, S1C1, S2C1, and S3C1 plants were propagated without stress for an additional generation producing S1C2, S2C2, and S3C2 plants (Figure [2](#F2){ref-type="fig"}). In parallel, five generations of non-exposed control plants (C1--C5) were grown.

![**Schematic presentation of the experiment**. Plants were germinated and grown on normal MS medium (blue arrows) or MS medium supplemented with heavy metal salts (red arrows). The plants that were initially used for the experiment (G0) are labeled as S0 or C0, indicating exposed and non-exposed plants. The first progeny of stressed plants (G1), labeled as S1, was then propagated to next generation (G2) in the presence or absence heavy metals, giving rise to S2 and S1C1 plants, respectively. G2 plants (S2, S1C1) were then again propagated to the next generation (G3) in presence or absence of heavy metals, giving rise to S3, S2C1, and S1C2 plants. G3 plants (S3, S2C1, and S1C2) were propagated to the next generation (G4) in presence or absence of heavy metals, giving rise to S4, S3C1, and S2C2 plants. G4 plants (S4, S3C1, and S2C2) were propagated to the next generation (G5) in presence or absence of heavy metals, giving rise to S5, S4C1, and S3C2 plants. The control plants were propagated for five generations without stress exposure, giving rise to C1, C2, C3, C4, and C5 plants.](fpls-02-00091-g002){#F2}

In most cases, HRF increased with each subsequent stressed generation of plants (S1--S5; Figures [3](#F3){ref-type="fig"}A--E). Single factor ANOVA showed that S1--S5 groups were significantly different from C1 to C5 groups for all heavy metals tested (Table [A1](#TA1){ref-type="table"} in Appendix). In contrast, skipping exposure to stress (S1C1, S2C1, etc.) decreased HRF, although not always to the level of the control plants (Figure [3](#F3){ref-type="fig"}); single factor ANOVA showed that HRF in plants that skipped one generation of exposure (S1C1, S2C1, etc.) was still significantly different from C1 to C5 groups (Table [A1](#TA1){ref-type="table"} in Appendix). Propagating plants without stress for a second generation (S1C2, S2C2, and S3C2) resulted in an even further decrease in HRF; single factor ANOVA revealed that HRF in these groups was similar to control groups for Cd^2+^ and Cu^2+^ but different for Ni exposure (Table [A1](#TA1){ref-type="table"} in Appendix). However, we noticed that when stress exposure had occurred for two or more consecutive generations skipping stress did not substantially decrease HRF. For example, upon exposure to 50 mM Ni^2+^ the recombination frequency in continuously stressed plants was similar to the frequency in plants that skipped one generation of stress exposure (Figure [3](#F3){ref-type="fig"}C). However, skipping two generations of stress exposure returned HRF back to normal levels in most of the cases, with the exception of G5 plants exposed to 50 mM Cd^2+^ and G4--G5 plants exposed to 100 mM of Ni^2+^.

![**Spontaneous HRF in the progeny of stressed plants**. HRF was measured in five consecutive generations of non-exposed plants and plants exposed to 50 mM Cd^2+^ **(A)**, 100 mM Cd^2+^ **(B)**, 50 mM Ni^2+^ **(C)**, 100 mM Ni^2+^ **(D)**, and 50 mM Cu^2+^ **(E)**. HRF was analyzed in 3-week-old plants. The vertical axis shows the average (as well as the SD) HRF calculated from three independent experiments. The horizontal axis indicates the generation, from G0 to G5. "G0" shows the HRF in somatic tissue of non-exposed plants. "G1" shows the HRF in the first progeny of control and stressed plants. "G2" shows the HRF in the second generation of control plants (ct), exposed plants (S), and plants exposed in the G0 and non-exposed in the G1 (S_Ct1). "G3--G5" shows the third, fourth, and fifth generations of control plants (ct), exposed plants (S), plants exposed to stress followed by growth in control conditions for one generation (S_Ct1) or two generations (S_Ct2). Asterisks indicate when there is a significant difference between the individual group of progeny of stressed and the corresponding progeny of control plants (Student's *t*-test, *p* \< 0.05 in all cases). No significant difference among the progeny of control (G0--G5) plants was found (Single factor ANOVA, *p* \> 0.1).](fpls-02-00091-g003){#F3}

These experiments confirmed that maintenance of high recombination frequency through a number of generations requires constant exposure to stress. They also demonstrated that the progeny of stressed plants maintain a certain "memory" of stress, even when propagated under normal conditions. This indicates that when plants are exposed to stress for more generations, the resulting stress memory is stronger and longer lasting.

The progeny of plants exposed to stress acquired tolerance to the same stress as well as other abiotic stresses
---------------------------------------------------------------------------------------------------------------

Our previous work showed that the progeny of plants exposed to NaCl or heat exhibit higher tolerance to these same stresses (Boyko et al., [@B4]). To test if the progeny of plants exposed to heavy metal salts are also showed a higher stress tolerance, we exposed S1--S5 plants to high levels of heavy metal salts. Progeny of plants exposed to Cu^2+^, Ni^2+^, or Cd^2+^ were germinated and grown on 50--200 mM Cu^2+^, Ni^2+^, or Cd^2+^, respectively. Changes in root length represent one of the common parameters influenced by exposure to heavy metal salts (Liu et al., [@B26]). Measuring root length of S1--S5 plants grown on basic medium (BM) showed that the progeny of plants exposed to Cu^2+^, Ni^2+^, or Cd^2+^ had longer roots than the progeny of control plants (Figure [4](#F4){ref-type="fig"}). Increasing the number of generations of exposure increased root length. Analysis showed that the progeny of stressed plants have longer roots even when grown at normal conditions.

![**Root length in the progeny of stressed plants**. Root length was measured in five consecutive generations of plants exposed to 50 and 100 mM Cd^2+^ **(A)**, 50 and 100 mM Ni^2+^ **(B)**, and 50 and 100 mM Cu^2+^ **(C)** as well as non-exposed plants. Plants were germinated and grown on normal MS medium and roots were measured at 2 weeks post-germination. The vertical axis indicates the average (with SD, calculated from three different experiments) root length in S1--S5 plants shown as percentage difference to the root length in S0 plants. Asterisks show when there is a significant difference between the individual groups of S1--S5 plants and S0 plants (Student's *t*-test, *p* \< 0.05 in each case).](fpls-02-00091-g004){#F4}

Analysis of root length in S1--S5 plants exposed to heavy metal salts demonstrated that these plants had longer roots than S0 (C0) plants or C1--C5 plants (Figure [A1](#FA1){ref-type="fig"} in Appendix). Roots were longer in S3--S5 generations than S1--S2, and the difference between S1--S5 and S0 plants was more prominent upon exposure to a higher concentration (200 mM) of heavy metal salt (Figure [5](#F5){ref-type="fig"}).

![**Root length in the progeny of stressed plants exposed to high concentration of heavy metals**. Root length was measured in five consecutive generations of non-exposed plants and plants exposed to 50 mM Cd^2+^ **(A)**, 100 mM Cd^2+^ **(B)**, 50 mM Cu^2+^ **(C)**, 100 mM Cu^2+^ **(D)**, 50 Ni^2+^ **(E)**, and 100 mM Ni^2+^ **(F)**. Plants were germinated and grown on MS medium supplemented with 50, 100, 150, and 200 mM of respective heavy metal salt, i.e., Progeny of plants exposed to Cd^2+^ were grown on various concentrations of Cd^2+^. Roots were measured at 2 weeks post-germination. The vertical axis shows the average (with SD, calculated from three different experiments) root length in S1--S5 plants shown as percentage difference to the root length in S0 plants. Asterisks indicate a significant difference between the individual groups of S1--S5 plants and S0 plants (Student's *t*-test, *p* \< 0.05 in each case).](fpls-02-00091-g005){#F5}

These experiments indicated that the progeny of stressed plants acquire higher tolerance to the same stress. The stress tolerance increased in progeny when the number of generations exposed to stress increased; the difference in root length was more pronounced upon exposure to harsher stresses.

To test whether S1--S5 plants are more tolerant to other abiotic stresses as well the one they had been exposed to, we exposed these plants to NaCl (75 and 125 mM) and MMS (45 and 135 ppm). Previous experiments showed that the highest concentration that does not significantly change plant physiology is 75 mM NaCl, whereas 125 mM NaCl results in severe growth inhibition (Boyko et al., [@B5]). Similarly, exposure to 45 ppm MMS normally does not change plant physiology dramatically, whereas a concentration of 135 ppm is lethal or nearly lethal (Yao et al., [@B45]). The analysis of root length in plants exposed to NaCl showed that roots were longer in the progeny of stressed plants, a difference that was more severe as a result of exposure to 125 mM than to 75 mM NaCl (Figure [6](#F6){ref-type="fig"}). Performing the same analysis in plants exposed to 45 ppm MMS showed that S1--S5 plants had longer roots than S0 plants (Figure [7](#F7){ref-type="fig"}). There was once again a tendency toward longer roots in S3--S5 plants in comparison to S1--S2 plants. Root length in C0--C5 plants exposed to NaCl or MMS was similar regardless of generation (Figure [A1](#FA1){ref-type="fig"} in Appendix). Exposure to 135 ppm MMS resulted in severe growth inhibition and the majority of plants either did not germinate or died at the cotyledon stage, not allowing for any meaningful comparison.

![**Root length in the progeny of stressed plants exposed to high concentration of NaCl**. Root length was measured in five consecutive generations of non-exposed plants and plants exposed to 50 mM Cd^2+^ or 100 mM Cd^2+^ **(A,B)**, 50 Ni^2+^ or 100 mM Ni^2+^ **(C,D)**, 50 mM Cu^2+^ or 100 mM Cu^2+^ **(E,F)**. Plants were germinated and grown on MS medium supplemented with 75 mM NaCl **(A,C,E)** and 125 mM NaCl **(B,D,F)** and roots were measured at 2 weeks post-germination. The vertical axis indicates the average (with SD, calculated from three different experiments) root length in S1--S5 plants shown as percentage difference to the root length in S0 plants. Asterisks show when there is a significant difference between the individual group of S1--S5 plants and S0 plants (Student's *t*-test, *p* \< 0.05 in each case).](fpls-02-00091-g006){#F6}

![**Root length in the progeny of stressed plants exposed to high concentration of methyl methane sulfonate (MMS)**. Root length was measured in five consecutive generations of plants exposed to 50 and 100 mM Cd^2+^ **(A)**, 50 and 100 mM Ni^2+^ **(B)**, and 50 and 100 mM Cu^2+^ **(C)** as well as non-exposed plants. Plants were germinated and grown on MS medium supplemented with 45 ppm MMS and roots were measured at 2 weeks post-germination. The vertical axis shows the average (with SD, calculated from three independent experiments) root length in S1--S5 plants, shown as percentage difference compared to the root length in S0 plants. Asterisks indicate a significant difference between the individual group of S1--S5 plants and S0 plants (Student's *t*-test, *p* \< 0.05 in each case).](fpls-02-00091-g007){#F7}

Discussion
==========

The experiments reported here demonstrated the following: plants exposed to three different heavy metals exhibited increased HRF in somatic tissue; the progeny of stressed plants had higher HRF; exposure to stress for multiple generations maintained the high recombination frequency, whereas skipping the exposure to stress resulted in the tendency of returning HRF to normal; skipping exposure to heavy metals after several generations of exposure resulted in a higher "residual" increase in recombination frequency; the progeny of stressed plants exhibited higher tolerance to the same stress as well as to NaCl and MMS.

The highest HRF increase in the progeny was observed upon exposure to 100 mM CdCl~2~. This is in contrast to the response of somatic tissue where the highest increase was observed upon exposure to Cu^2+^. The lowest increase of HRF in progeny and somatic tissue was observed upon exposure to NiCl~2~. Previous reports have shown that exposure to viral and bacterial pathogens (Lucht et al., [@B27]; Kovalchuk et al., [@B22]; Kathiria et al., [@B21]), pathogenic determinant flagellin (Molinier et al., [@B31]), NaCl, temperature, and water stress (Boyko et al., [@B4],[@B5]) as well as UVB and UVC (Ries et al., [@B37]; Molinier et al., [@B31]; Boyko et al., [@B4]) all resulted in a transgenerational HRF increase. In contrast, the work of Pecinka et al. ([@B36]) demonstrated that transgenerational increases in recombination frequency are not a common response to stress; only 4 out of 10 tested stresses and stress compositions lead to the HRF increase in the progeny (Pecinka et al., [@B36]).

Previous work has also found changes in HRF in response to multiple generations of exposure to stress. Molinier et al. ([@B32]) showed that a single generation of UVC stress triggered an HRF increase that lasted for five subsequent generations (Molinier et al., [@B31]). In contrast, our previous work showed that propagation of plants exposed to stress for a single generation resulted in the return of HRF to normal levels when grown under normal conditions (Boyko et al., [@B4]). Our current work demonstrated that an increased HRF for five generations only when each generation was obtained upon propagation of plants in presence of stress. The recombination frequency returned to normal or nearly normal levels when plants were propagated without stress exposure for one or two generations (Figure [3](#F3){ref-type="fig"}). Plants propagated at normal conditions for two generations had HRF lower than those propagated without stress for only one generation. Interestingly, when plants were grown under normal conditions following several generations of exposure to stress (S3--S5), HRF remained high in the non-exposed progeny.

From these results, it can be hypothesized that the normal stress response of an organism includes both a physiological response as well as transmission of information about the stress to its immediate progeny. When a second generation is grown in normal conditions, the absence of the stress-dependent signal does not allow these plants to pass the information to the next generation. However, when stress is present for two or more generations, the stress-dependent signal may "last" longer and be passed on even without stress, resulting in changes in future generations. Still, propagation without stress for two generations decreases the strength of the signal dramatically. In fact the HRF in the progeny of plants propagated without stress for two generations, following multiple generations with stress, was reduced to nearly normal levels. Observed changes in recombination frequency and stress tolerance suggest that this stress-induced signal may be epigenetic in nature.

Plant gametes are produced from somatic cells late during development, thus allowing the information accumulated during plant growth to be passed to the progeny (Paszkowski and Grossniklaus, [@B35]). Plants undergo reprogramming of DNA methylation and histone modifications in gametes as well as the developing embryo. Inheritance of a stress-induced epigenetic signal may depend on changes in DNA methylation and histone modifications (Boyko and Kovalchuk, [@B8],[@B9]; Ito et al., [@B20]). Reprogramming of these changes may limit plant's capacity to pass information onto the progeny. Reprogramming of the plant genome involves a substantially lower level of demethylation than that of the animal genome (Paszkowski and Grossniklaus, [@B35]) suggesting that plants may have a higher capacity for transmission of epigenetic changes to the progeny. It is currently unclear what the nature of epigenetic stress-induced signal seen in this study is. However, it can be hypothesized that the initial signal may be a certain type of small non-coding RNA, presumably siRNAs (Ito et al., [@B20]). Differentially expressed siRNAs may promote changes in DNA methylation and associated histone modifications, which are then transmitted to progeny. Although the role of histones and histone variants in transgenerational signaling may not be obvious, they cannot be excluded (Ingouff et al., [@B19]).

That progeny of stressed plants have a higher tolerance to the same as well as other stresses is also very interesting. Previous reports have shown that progeny of plants exposed to various stresses also exhibit stress tolerance, (Whittle et al., [@B43]; Boyko et al., [@B4]; Kathiria et al., [@B21]) often to a broad spectrum of stresses, suggesting that transgenerational inheritance involves general stress protection mechanisms. Indeed, we previously demonstrated that progeny of stressed plants have a higher capacity for DNA repair and exhibit changes in the level of various metabolites (Boyko et al., [@B4]; Kathiria et al., [@B21]; Yao and Kovalchuk, [@B46]; Kathiria and Kovalchuk, in review). Lack of specificity in stress response is perhaps not surprising considering that many stress-induced miRNAs and siRNAs have a broad spectrum of action. For example, they may be involved in response to oxidative stress, signaling, and epigenetic regulation. Previous research shows a significant overlap in changes of small RNA expression in response to salt and UV stress (Zhou et al., [@B48], [@B47]). It remains to be shown if exposure to different stresses not only changes the expression of similar sets of ncRNAs but also leads to similar changes in DNA methylation and histone modifications in somatic cells and gametes. Furthermore, it remains to be established whether some of these changes can be observed in somatic cells of the progeny of stressed plants.

Materials and Methods
=====================

Plants used for the experiments
-------------------------------

*Arabidopsis thaliana* plants line \#11 were used in the experiments. Plants carry in the genome a single copy of GUS-based homologous recombination substrate (Swoboda et al., [@B41]; Ilnytskyy et al., [@B18]). The recombination substrate consists of two overlapping non-functional copies of truncated β-glucuronidase transgene. Recombination between the two regions of homology results in restoration of the functional transgene. Cells in which transgene is activated appear as blue dots/sectors visualized by histochemical staining.

Experimental set-up
-------------------

*Arabidopsis thaliana* plants line \#11 were germinated and grown on control MS medium or MS medium supplemented with 50 or 100 mM of CuCl~2~, CdCl~2~, or NiCl~2~ heavy metal salts. Each plate contained 70--80 plants and each experimental group was represented by three to five plates. Three weeks after germination, 20 randomly chosen plants from each plate were transplanted to soil. Plants were grown at 12 h day/12 h night conditions at 22°C with illumination at 100 μM m^−2^ s^−1^. Exposed plants are referred to as "S0," for "stressed, G0," whereas non-exposed plants are "C0," for "control, G0." Seeds of exposed and control plants were referred to as "S1" and "C1," for "stressed, G1" and "control, G1," respectively. "S1" plants stemming from exposure to Cu^2+^, Ni^2+^, or Cd^2+^ were then again grown in control MS medium or MS medium supplemented with CuCl~2~, CdCl~2~, or NiCl~2~; seeds of these plants were collected and referred to as "S1C1" and "S2," respectively. "S2" plants were then propagated in presence of heavy metal salts for three more generations, giving rise to "S3," "S4," and "S5" plants (Figure [2](#F2){ref-type="fig"}). "S2", "S3," and "S4" plants were also propagated without stress, giving rise to "S2C1", "S3C1," and "S4C1" plants. "S1C1", "S2C1," and "S3C1" were also propagated without stress for one more generation, giving rise to "S1C2", "S2C2," and "S3C2" plants. Control plants were propagated on normal MS medium for five generations, resulting in C1, C2, C3, C4, and C5 plants. In each case, seeds were pooled from 20 plants per each treatment. Three biological repeats per treatment were performed.

Analysis of homologous recombination frequency
----------------------------------------------

Homologous recombination frequency in *Arabidopsis* plants was analyzed following histochemical staining as previously described (Boyko et al., [@B10]). Recombination events were scored in a population of approximately 200 plants per experimental group, and HRF was calculated by comparing the number of recombination events to the total number of plants scored. Each experiment was repeated three times.

Analysis of plant adaptation
----------------------------

For the analysis of acquired stress tolerance the progeny of exposed and non-exposed plants were germinated and grown on 50--200 mM Cu^2+^, Ni^2+^, or Cd^2+^ or 75 and 125 mM NaCl or 45 and 135 ppm MMS. Root length was measured using 20 plants per each plate, three plates per treatment and was performed 2 weeks after germination. The experiments were repeated three times.

Statistical treatment of the data
---------------------------------

In all cases, mean and SE were calculated. The statistical significance of the experiments was confirmed by either a Student's *t*-test (two-tailed paired or non-paired) or a Single factor ANOVA for each individual heavy metal group (between all C1--C5 and S1--S5, between C2--C5 and all S1C1 groups, between C3--C5 and all S1C2 groups, between S2--S5 and S1C1 groups, between S3--S5 and S1C2 groups as well as between S1C1 and S1C2 groups; Table [A1](#TA1){ref-type="table"} in Appendix). Statistical analyses were performed using the MS Excel software and Microcal Origin 6.0.
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###### 

**Statistical analysis of HRF using single factor ANOVA**.

  Ni 50    C              S            S1C1        S1C2
  -------- -------------- ------------ ----------- ------
  C        x                                       
  S        **0.002**      x                        
  S1C1     **0.001**      0.225        x           
  S1C2     **0.031**      0.067        **0.047**   x
  Ni 100   C              S            S1C1        S1C2
  C        x                                       
  S        **0.0002**     x                        
  S1C1     **3.55E-05**   **0.0003**   x           
  S1C2     **0.017**      **0.003**    0.104       x
  Cd 50    C              S            S1C1        S1C2
  C        x                                       
  S        **4.13E-08**   x                        
  S1C1     **0.001**      **0.006**    x           
  S1C2     0.127          **0.0008**   **0.024**   x
  Cd 100   C              S            S1C1        S1C2
  C        x                                       
  S        **4.95E-05**   x                        
  S1C1     **0.019**      **0.002**    x           
  S1C2     0.320          **0.010**    **0.002**   x
  Cu50     C              S            S1C1        S1C2
  C        x                                       
  S        **7.24E-06**   x                        
  S1C1     **0.043**      **0.0002**   x           
  S1C2     0.057          **0.002**    0.374       x

*"C" represents HRF in C1--C5 plants, "S" represents HRF in S1--S5 groups, "S1C1" represents HRF in S1C1, S2C1, S3C1, and S4C1 groups, whereas "S1C2" represents data for S1C2, S2C2, and S3C2 groups. Numbers in bold indicate signficant difference*.

![**Representative images of G0--G5 generations of plants exposed to 50 mM of Cd^2+^ grown in the presence of various concentrations of Cd^2+^**. Plants were germinated and grown in the presence of various amount of Cd^2+^. Two weeks after germination plants were pulled from the medium and used for measurements of the root length. Several representative plants were placed on the agar for imaging purposes. "G0" -- non-exposed plants; "G1--G5" -- first through fifth generation of plants exposed to 50 mM Cd^2+^; "BM" -- basic medium; "50--200 mM" -- concentration of Cd^2+^ in the basic medium.](fpls-02-00091-a001){#FA1}
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